Abstract. Secondary ion mass spectrometry, SIMS, is a method of choice for the characterization of nanoparticles, NPs. For NPs with large surface-to-volume ratios, heterogeneity is a concern. Assays should thus be on individual nano-objects rather than an ensemble of NPs; however, this may be difficult or impossible. This limitation can be side-stepped by probing a large number of dispersed NPs one-by-one and recording the emission from each NP separately. A large collection of NPs will likely contain subsets of like-NPs. The experimental approach is to disperse the NPs and hit an individual NP with a single massive cluster (e.g., C-60, Au-400). At impact energies of~1keV/atom, they generate notable secondary ion (SI) emission. Examination of small NPs (≤20nm in diameter) shows that the SI emission is sizedependent and impacts are not all equivalent. Accurate identification of the type of impact is key for qualitative assays of core or outer shell composition. For quantitative assays, the concept of effective impacts is introduced. Selection of co-emitted ejecta combined with rejection (anticoincidence) of substrate ions allows refining chemical information within the projectile interaction volume. Last, to maximize the SI signal, small NPs (≤5nm in diameter) can be examined in the transmission mode where the SI yields are enhanced~10-fold over those in the (conventional) reflection direction. Future endeavors should focus on schemes acquiring SIs, electrons, and photons concurrently.
Introduction
T he uniqueness of nanoparticles (NPs) attributed to their properties not found in bulk size is widely documented [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Characterization with mass spectrometry is crucial for advancing a nuanced understanding of NP functionalities [12] . Secondary ion mass spectrometry, SIMS, is particularly suited for analyzing NPs by virtue of detection sensitivity, lateral (~100nm) and depth (~1nm) resolution [13] . Interestingly, the secondary ion (SI) signature of NPs can differ from bulk materials of the same composition. Sputter and ion yields as well as emission of moieties anchored on NPs can be enhanced; the relative abundance of SIs can also be shifted [14] [15] [16] . Physical alteration (melting) due to keV ion bombardment has also been observed [17] . A challenge for NP metrology is the need for appropriate reference materials. Moreover, assays should be on NPs of the smallest size where the most pronounced changes in chemical reactivity are expected to occur. However, when surface-tovolume ratios are large, heterogeneity among NPs becomes a major concern. To maximize accuracy, an assay should thus be on an individual nano-object rather than an ensemble of NPs. Extracting chemical information from one vanishingly small object is, in most cases, virtually impossible. One way to address the problem is to probe a significant number of individual NPs one-by-one and to record the emissions from each NP separately. The data set from a collection of NPs will contain information from ensembles of like-impacts. The assumption is that they correspond to ensembles of like-NPs. The crux is to identify these. We describe below how this approach can be implemented with a variant of time-of-flight secondary ion mass spectrometry (ToF-SIMS), and discuss its features and limitations for characterizing small NPs at or below 20nm in diameter.
One-on-One Bombardment
The experimental approach is to hit a NP with a single massive projectile (e.g., C 60 1−3+ , Au 400 4+ ). One projectile impact at a velocity of a few tens of km/s, or energies≥keV per projectile atom, can generate notable SI emission [18, 19] . The critical criterion for projectile selection is the probability of emitting analyte-specific ions. Examples of ion multiplicities from a leuenkephalin (YGGFL) target are shown in Figure1; note the remarkable probability of detecting a deprotonated leuenkephalin ion. The total secondary ion yield, obtained by summing the ion multiplicities (Figure1a-d) . However, the difference is more pronounced for the molecular ion where the yield enhancement is greater than 150 times: the yield of YGGFL measured with Au 400 4+ is 0.70 ions per impact, whereas for Au 3 + the measured yield is 0.0039. The condition of one-by-one bombardment is met by sweeping the projectile beam across a slit. These projectiles isolated in time are spread stochastically across the cross section of the original beam (typically 0.1-1mm in diameter). The NPs should be dispersed over a similar area. Thus, randomly located NPs are bombarded with a sequence of randomly distributed nanoprojectiles. Assuming bombardment with 10 3 projectiles per second, the dispersed NPs (surface coverage of 30% to 50%), can be probed one-by-one at a rate of hundreds of NPs per s. An experiment lasting 10 3 to 10 4 s will produce 10 5 to 10 6 records from individual NPs. Each reflects the chemical composition of the nanovolume probed by one massive cluster impact, typically an area of 10-15nm in diameter and up to 10nm in depth [20, 21] . The data from the individual nanovolumes can be interrogated using a variety of criteria. For instance, records containing a specified SI will reveal the co-emitted SIs. They originate from molecules colocated within ≤15nm of the moiety generating the selected SI.
Non-Equivalency of Impacts
A first application of co-emission for identifying NPs dealt with a mix of 2-nm-wide boehmite whiskers and polystyrene spheres of 20nm in diameter [14] . Object-specific mass spectra were readily obtained. However, the ions emitted are from nano-objects (i.e., conditions of emission), which can differ from those in solids of semi-infinite dimensions. In the case at hand, a shift in the relative abundance of SIs was observed in the whisker spectrum in comparison to a reference from a bulk boehmite specimen. Size-dependent shifts in SI emission occur when the nano-object's dimensions are below the interaction volume of the projectile. For the projectiles considered here, the volume for full energy dissipation is four to five times larger than the volume of SI emission, which is ≤ 10
Size-dependent SI emission is in some cases notably enhanced (two to three times) over that from bulk samples of similar chemical composition. This enhancement is likely due to a convolution of factors including the possibility that not all impacts are equivalent (i.e., not all NPs are assayed similarly). Consider C 60 and Au 400 , which have diameters of 0.8 and 2nm respectively; when they collide with a Blarge^NP (e.g., 5 to 10 times the size of the projectile) the impact can be direct, grazing, or interfacial (Figure2). They can be sorted based on the data from single impacts. Grazing or interfacial collisions are revealed by co-emission of SIs from the NP surface with species arising from the substrate. Direct impacts generate emissions which can be attributed solely to the NP.
When NPs are smaller than the emission area (≤15nm), the distinction among types of impacts disappears (Figure2). In this size regime, one must assume that all impacts are equivalent.
Nonequivalence of impacts must be considered for objects larger than~10nm. Its relevance is illustrated in Figure3 with a comparison of SI emission from a planar surface and a NP. In the case of a flat surface, for example, phenylalanine, the probability of monomer-dimer co-emission does not depend on the total number of co-ejected SIs (i.e., all impacts are equivalent). This is not the case when considering coemission of Au 2 − and Au 3 − from 20nm Au NPs. Some impacts are more efficient, most prominently those where typically 3-8 ions are co-emitted/detected. These are likely direct impacts at a specific impact parameter. Implicit in nonequivalent impacts is the variability of the ionization probability.
The accurate identification of the type of impact is key for the qualitative assay of core or outer shell composition. In addition to the identity of the co-emitted Sis, their characteristics and intensities provide further ways to identify/verify impact parameters. For feasibility, we examined Au 400 impacts on 20nm Au NPs. An impact may yield one or multiple Au 2 − . It should be noted that Au 2 − originates from impacts on the NPs, as impacts on the neat substrate yield virtually no Au 2 − signal [22] . The difference in the type of impact is seen in a shift of 1ns in the Au 2 − peak (Figure4).
The higher kinetic energy when three Au 2 − are co-emitted may be due to statistical effects related to correlation of impact parameters, ionization probability, and kinetic energy. The Btriple Au 2 −^e vents suggest emission from the NP core, resulting likely from the fragmentation of the 20nm diameter NP. The observation can be corroborated by examining the occurrence of heavier ejecta in the triple Au 2 − emission. Figure5a shows that the co-emission of Au 3 − is more likely in this case than in co-emission with one Au 2 − . Another way to . In a mix of NPs, a key assumption must be made to identify like-NPs: data sorted by type of impact are from equivalent impacts. They can in turn be searched for NPs with similar SIs. Their number will be small in comparison to the total number of particles probed. The statistics will be Poissonian. The approach then is to find, in the individual records of equivalent impacts, the mean number of selected SIs and hence obtain the Poisson distribution corresponding to each mean. The significance of sub-sets of like-NPs can be inferred from the respective Poisson distributions.
Quantitative Assays
Once a set of like-NPs has been identified with a high level of confidence, the next step is to relate the SI intensity to the amount of analyte. For this purpose, we introduced the concept of effective yield, Y eff Au n which is the ratio of the number of specified ion (e.g., Au n − ) emitted to the number of projectile impacts on NPs, N e [23] . The conventional definition of the SI yield (i.e., the number of specified ion emitted, I, to the total . It is important to note that Y eff assumes that all impacts yielding a specified co-emission are statistically equivalent. It follows that Y eff values from different nanoobjects can be directly compared without knowledge of ionization probabilities or transmission/detection efficiencies.
Boundaries
As the NP decreases in size, the mass spectra will have a rising contribution from the substrate/environment. This situation is illustrated with data obtained with Au 400 4+ impacts on the M13 bacteriophage. The specimen is filamentous, 900nm in length, 7-9nm in width, and encapsulates a circular single-stranded DNA [24] . Details of the characterization of individual M13 can be found in [25] . Briefly, given the width of M13 versus the range of Au 400 4+ ≤ 20nm there are concurrent SIs from the bacteriophage and its substrate. Here, selection of events where analyte-specific SIs are emitted was not sufficient to extract a mass spectrum of the M13 alone. However, the latter could still be obtained because not all impacts lead to the same ultimate outcome. This was demonstrated by eliminating the events containing substrate-specific ions from the ensemble of impacts resulting in two or more co-emitted NP-specific ions. The additional selection was based on the anti-coincidence with a substrate-specific ion. The co-emission/anticoincidence procedure is demonstrated in Figure6. he question now is: What is the smallest NP that can be distinguished from its substrate? We refer here to conditions where the NP shatters upon impact (i.e., with dimensions much smaller than the range of the projectile. To explore the detection limit, as much as possible of the SI emission must be captured. The very small NPs, which are destroyed on impact, can be examined simultaneously in the (conventional) backward and the forward transmission modes. Molecular dynamics (MD) simulations have predicted enhanced sputtering in the forward direction, a trend confirmed with experiments on carbon foils showing mass-shifted and enhanced SI emission [26] . The experiment requires a dual ToF mass spectrometer (Figure7).
The prerequisite for transmission SIMS is a substrate thin enough for the projectile to penetrate and transfer energy to the objects deposited on the exit face. Graphene sheets meet the requirement. Their atomic thickness is unlikely to skew the compositional signature of the NPs. The feasibility has been demonstrated with 5nm dodecanethiol-capped Au NPs. The data obtained in transmission and reflection are shown in Figure8. The mass spectrum shows peaks due to carbon clusters, the Au NP and gold adducts involving the combination with fragments from the dodecanethiol or the graphene support. The signals in transmission are roughly 10 times more intense than in reflection. Colocalization of components belonging to the Au NPs is demonstrated in Figure9. The spectrum shows species co-emitted with Au − is higher in the Au − coemission spectrum versus the total mass spectrum. This indication supports the assignment of C n H − as belonging to the organic modifiers on the NPs, distinct from ejecta generated by the unsaturated structure of the graphene.
Conclusion
SIMS can contribute significantly to the characterization of NPs. The prerequisite is a methodology for deconvoluting the analytical results. Records of co-emitted SIs reveal the type of impact and the co-localization of molecules. They are critical for sorting collections of NPs into like-subsets. Accurate qualitative and quantitative interpretation of the SI emissions requires suitable reference specimens as well as cross-checks with other (yet to be developed?) methods. The limitations set by the interaction volume can be partially sidestepped by identifying equivalent SI emissions via co-emission/ anticoincidence criteria. Last but not least, no consideration has been given here to electron and photon emission. Both occur under the bombardment conditions described. The sparse data available to-date show variation in their characteristics with classes of chemical composition and size-dependency in the intensity of the electron emission. Characterization of very small NPs would likely be facilitated with a scheme acquiring concurrently SI, electron, and photon emissions.
